Electrodeposition behavior of Sn-Ag alloys was investigated at current density 1-1000 AÁm À2 in both sulfate and pyrophosphate-iodide solutions at 298 K, and the contact resistance of Sn-Ag alloys deposited on a Cu connector was evaluated. In both solutions, Ag behaved as a more noble metal than Sn, showing regular codeposition. The difference in deposition potential between Ag and Sn was 0.4 V in the pyrophosphate-iodide solution and 0.2 V in a sulfate solution containing thiourea as a complexing agent for Ag þ ions. The deposits obtained from a pyrophosphate-iodide solution consisted of blocks of a few microns in size, while those from a sulfate solution exhibited grains smaller than 1 mm. The deposits containing Ag less than 45 mass% were composed of an Ag 3 Sn intermetallic compound and Sn. This is in accordance with the equilibrium phase diagram of the binary Ag-Sn system. The contact resistance of deposited Sn-Ag alloys, after heating at 433 K for 120 h, was slightly smaller at Ag content below 45 mass% than that of reflow Sn plating. The connection reliability of connectors after abrasion was better in deposited films of Sn-Ag alloys than in those with reflow Sn plating.
Introduction
Sn or Au electrodeposition is performed on Cu alloy substrates to provide connection reliability for automotive connectors.
1-7) However, since in Sn deposition, Sn and Cu from the substrate are likely to form an alloy through diffusion, an intermetallic compound of Cu-Sn forms at the surface during use at high temperature.
As a result, the pure Sn of the top layer disappears and the connection reliability decreases significantly. Although deposited Au can assure connection reliability at high temperature, its application is limited due to its high cost. Future automotive connectors must deal with high current for hybrid car motors, and thus the heat resistance of deposited films is important. In this study, Ag, which has high melting point and low contact resistance, is selected as the alloying element of Sn, and the Sn-Ag alloy deposition is investigated to improve the connection reliability of automotive connectors at high temperature. According to the equilibrium phase diagram of the binary Ag-Sn system, 8) there exists the stable phases of "(Ag 3 Sn) and (Ag). Because the oxidation resistance of Ag 3 Sn and Ag is larger than that of Sn, the heat resistance of deposited Sn is expected to be improved by codeposition of Ag.
Since there is a large difference in the standard single electrode potential between Ag (0.799 V vs. normal hydrogen electrode (NHE)) and Sn (À0:136 V), Sn-Ag alloy deposition has been generally performed in a solution containing cyanide ions to form a stable complex with Ag þ ions. [10] [11] [12] Because cyanogens are toxic substance, Sn-Ag alloy deposition from noncyanide solutions was investigated in this work from the viewpoint of environmental pollution. Two types of solutions were examined for Sn-Ag alloy deposition. The first consists of sulfate containing thiourea as a complexing agent of Ag þ ions 13) ; the second consists of pyrophosphate and iodide ions, [14] [15] [16] which form a stable complex with Ag þ ions-its stability constant is the largest after cyanide ions. Sn-Ag alloy deposition was conducted on a Cu connector under plating conditions to produce a smooth surface, and the connection reliability was evaluated after heating and abrasion. curves were measured by polarizing the electrode from the less noble to the more noble potential direction using the potential sweep method at 0.5 mVÁs À1 . Copper and platinum sheets measuring 1 Â 2 cm 2 were used as the cathode and anode, respectively. The deposits were dissolved from the cathode by nitric acid. Both Sn and Ag were quantitatively analyzed by inductively coupled plasma (ICP) spectroscopy; the Ag content of the deposit and cathode current efficiencies for Sn and Ag deposition were calculated. The cathode potentials were measured using a saturated KCl, Ag/AgCl reference electrode [0.199 V vs. NHE, 298 K]. In the presentation of the polarization curves, the potentials were plotted with reference to the NHE.
Experimental
The morphology of deposited films was observed by scanning electron microscopy (SEM). The structures of the deposited Sn-Ag alloys were examined by X-ray diffraction (XRD). To investigate the diffusion behavior of the Cu substrate into the deposited Ag films, a 2-mm-thick Ag deposited on Cu from a cyanide solution in a commercial production line was heated at 473 K for 120 h, and its surface and cross section were observed by SEM and auger electron spectroscopy (AES). The connection reliability was evaluated by measuring contact resistance between the flat and salient pieces, on which a 1-mm-thick Sn-Ag alloy was deposited, as shown in Fig. 1 . The contact resistance was measured while loading both pieces at 0-40 N. In the salient piece, shown by À in Fig. 1 , the radius of curvature and height of the projection were 3 and 0.1 mm, respectively. The deposition area at À and`in Fig. 1 were 6 Â 7 and 10 Â 20 mm 2 , respectively. The contact resistance for the pieces without and with heat treatment at 433 K for 120 h was measured. To evaluate the connection reliability during connector abrasion, the contact resistance and friction coefficient of deposited Sn-Ag alloys were measured sliding at an amplitude of 50 mm and frequency of 1 Hz under a perpendicular load of 3 N, as shown in Fig. 2 . The connection reliability of reflow Sn produced by a commercial production line was also evaluated to compare with that of the deposited Sn-Ag alloys. In reflow Sn plating, Sn is melted after plating to decrease the internal stress of plating and the diffusion of the substrate into plating due to the formation of an alloy of the substrate and Sn. Figure 3 shows the total polarization curves for Sn-Ag alloy deposition measured by the potential sweep method in sulfate and pyrophosphate-iodide solutions. The current density rapidly increased at about À0:07 and À0:27 V in the sulfate solution and at À0:25 and À0:64 V in the pyrophosphate-iodide solution. In both solutions, quantitative analysis revealed that the rapid increase in current density at a more noble potential was attributed to the beginning of Ag deposition, and that at a less noble potential was due to Sn deposition. Ag deposition was found to be suppressed significantly in both solutions because the standard single electrode potential of Ag is 0.799 V. Sn deposition from the pyrophosphate-iodide solution was more suppressed due to the formation of complex with pyrophosphoric acid than from sulfate solution, as seen from the standard single electrode potential of Sn (À0:136 V). Although Ag deposition from the pyrophosphate-iodide solution was more suppressed than from the sulfate solution, Sn deposition was also suppressed significantly in this solution. Consequently, the difference in deposition potential between Ag and Sn was larger in the pyrophosphate-iodide solution than in the sulfate solution. Figure 4 shows the current efficiency of Sn and Ag for SnAg alloy deposition from a sulfate solution. Although the current efficiency of Ag reached a high of about 90% at low current densities below 2 AÁm À2 , it abruptly decreased with increasing current density because the diffusion limiting current density was attained at 2-3 AÁm À2 , as shown in Fig. 3 . Sn began to deposit at 2 AÁm À2 and its current efficiency increased with increasing current density; however it began to decrease at about 100 AÁm À2 as its diffusion limiting current density approached. The total current efficiency for Sn and Ag deposition reached a minimum of 80% at around 10 AÁm À2 . Figure 5 shows the relationship between current density and Ag content in Sn-Ag alloys deposited from a sulfate solution. The dotted line in the figure shows the composition reference line (CRL) of Ag, which indicates that the mass percentage composition of Ag in the deposit equals the metal percentage of Ag in the solution on this line. Ag alone was deposited at low current densities below 2 AÁm À2 , while the Ag content in the deposit rapidly decreased with increasing current density in regions above 2 AÁm À2 . On further increase in the current density, the Ag content gradually decreased toward the CRL. Brenner classified the electrodeposition of alloys into five types based on the codeposition behavior of each constituent metal. 17) In regular deposition, which is one of these five types, only the more noble metal deposits at lower current densities, while the content in the deposit decreases hyperbolically with increasing current density because the current density of the more noble metal deposition reaches the diffusion limiting current density. Further increases in the current density result in a gradual decrease in more noble metal content toward the CRL, as it approaches the diffusion limiting current density of the less noble metal. 17, 18) The current density dependence of Ag content in the deposit, shown in Fig. 5 , exhibits the characteristics of regular deposition, indicating that Ag acts as the more noble metal that codeposits with Sn in regular deposition. Figure 6 shows the current efficiency of Sn and Ag for SnAg alloy deposition from a pyrophosphate-iodide solution. Although the current efficiency of Ag was almost 100% at a low current density of 1 AÁm À2 , it rapidly decreased with increasing current density, because the diffusion limiting current density of Ag was attained at 2-3 AÁm À2 . Sn began to deposit at 3 AÁm À2 , and its current efficiency increased with increasing current density, but decreased above 100 AÁm À2 as its diffusion limiting current density approached. The total current efficiency for Sn and Ag deposition rapidly decreased at about 3 AÁm À2 , where no Sn deposited, but the efficiency increased to almost 100% by increasing the overpotential for Sn deposition. No rapid decrease in current efficiency around 3 AÁm À2 was observed in a sulfate solution. This rapid decrease in current efficiency in a pyrophosphate-iodide solution may be caused by the large difference in deposition potential between Ag and Sn. Figure 7 shows the relationship between current density and Ag content in Sn-Ag alloy deposited from a pyrophosphate-iodide solution. Ag was deposited alone at low current densities below 3 AÁm À2 , while the Ag content in the deposit abruptly decreased with increasing current density above 3 AÁm À2 . On further increase in the current density, the Ag content gradually decreased toward the CRL. The difference between the CRL of Ag and the Ag content in the deposit at high current densities is attributed to both a difference in diffusion rate between Sn 2þ and Ag þ ions and the exfoliation of Ag due to the increase in hydrogen evolution at the diffusion limiting current density. As mentioned above, the current density dependence of Ag content in the deposit from a pyrophosphate-iodide solution exhibited the typical feature of regular deposition. Figure 8 shows the surface morphology of Sn-Ag alloys obtained from a sulfate solution. At 2 AÁm À2 (a), the deposit of Ag content 98 mass% showed a smooth surface despite partial grains. Cracks were observed in the smooth area. At 10 AÁm À2 (b), the deposit of Ag content 45 mass% consisted of grains over the entire surface and the smooth area disappeared. On further increase in the current density to 20 AÁm À2 (c) and 100 AÁm À2 (d), the deposit of lower Ag content consisted of grains. Figure 9 shows the surface morphology of Sn-Ag alloys deposited from a pyrophosphate-iodide solution. At 2 AÁm a sulfate solution. As can be observed in Fig. 3 , Sn-Ag alloy deposition proceeds under the condition of the diffusion limiting of Ag þ ions. Because the difference in deposition potential between Ag and Sn in a pyrophosphate-iodide solution is larger than in a sulfate solution, the diffusion overpotential for alloy deposition in a pyrophosphate-iodide solution is larger than that in a sulfate solution. This may produce the coarse grains. Figure 10 shows the X-ray diffraction patterns of Sn-Ag alloys deposited from a sulfate solution. The deposit of Ag content 98 mass% shows the diffraction peaks of Ag and Cu resulting from the substrate, indicating the formation of an Ag solid solution containing Sn. At Ag content 45 mass%, the peaks resulting from the Sn and intermetallic compound of Ag 3 Sn were observed. At Ag content 20 and 13 mass%, the peaks of Ag 3 Sn phase decreased, and the peaks of Sn increased. As can be seen from the equilibrium phase diagram of the Ag-Sn binary system 8) shown in Fig. 11 , the mixed phase of "(Ag 3 Sn) and Sn is stable at Ag content 45 mass%, and the ratio of the intermetallic compound of Ag 3 Sn is lower at Ag content 20 and 13 mass%. The constituent phase of deposits in this study shown in Fig. 10 agreed with the stable phase expected from the equilibrium phase diagram of Ag-Sn. The constituent phase of all deposits for evaluating the connection reliability shown in Figs. 12 and 15 corresponded to the stable phase in the equilibrium phase diagram.
Results and Discussion
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Because smooth deposits of the Sn-Ag alloy cannot be obtained from a pyrophosphate-iodide solution, the connection reliability was evaluated based on the deposits obtained from a sulfate solution. Figure 12 shows the contact resistance of Sn-Ag alloys of various compositions deposited from a sulfate solution. The contact resistance was evaluated Intensity /a.u. before and after heating at 433 K for 120 h. The contact resistance of Sn-Ag alloys abruptly decreased when the load increased to about 10 N. At the region of loading below 10 N, the alloy composition of Sn-Ag alloys had little effect on the contact resistance before heating, and Sn-Ag alloys exhibited almost the same contact resistance as with reflow Sn produced by a commercial production line. However, after heating at 433 K for 120 h, the contact resistances of all Sn-Ag alloys were higher than those before heating. In particular, at high Ag contents of 75 and 98 mass%, heating significantly increased the contact resistance: the phase of Sn-Ag alloys is mainly Ag 3 Sn and an Ag solid solution with Ag content of 75 and 98 mass%, respectively. At Ag content below 45 mass%, the contact resistances of deposits consisting of the mixed phase of Ag 3 Sn and Sn were lower than those of commercial reflow Sn, but they increased by heating. That is, significant improvement of the heat resistance by alloying with Ag was not observed. After heating, the contact resistance of deposits consisting of an Ag solid solution or an intermetallic compound of Ag 3 Sn was higher, while that of the mixed phase of Ag 3 Sn and Sn was lower. The surface and cross section of deposited Ag after heating were investigated by SEM and AES to determine the reason for the remarkable increase in contact resistance from heating deposits with a high Ag content. Figure 13 shows the SEM and AES images after heating Ag deposited on Cu at 473 K for 120 h. Cu and O were detected in the areas shown by arrows in Fig. 13(c) . SEM and AES images shown in Figs. 13(a), (b) , and (c) reveal that Cu from the substrate diffuses in the deposited Ag along the grain boundary and reaches the surface of the Ag. The contact resistance of deposits becomes large when copper oxide forms on deposits. As shown in Fig. 8 , cracks were observed in deposit of Ag content 98 mass% [Ag solid solution]. The significant increase in contact resistance from heating of deposits of Ag content 98 mass% may be caused by the acceleration of Cu diffusion along the cracks. Figure 14 shows the surface morphologies of deposited Sn-Ag alloys after heating at 433 K for 120 h. Compared with the morphology of deposits free from heating, shown in Figure 15 shows the contact resistance and friction coefficient of deposited Sn-Ag alloys during abrasion. In reflow Sn plating, the contact resistance was initially about 1 m and increased after 40 sliding cycles, as shown by the circle in Fig. 15 . The contact resistance decreased at 700 sliding cycles, while it increased remarkably above 1000 sliding cycles. The increase in contact resistance at 40 cycles is attributed to an accumulation of Sn powder, consisting of Sn oxide from abrasion of the Sn plating. [3] [4] [5] The decrease in contact resistance at about 700 cycles was caused by exposure of the Cu substrate, and the abrupt increase in contact resistance after 1000 cycles is due to accumulation of Cu oxide powder resulting from abrasion of the Cu substrate. The friction coefficient of the Sn plating gradually increased with increasing the number of sliding cycles. In deposited Sn-Ag alloys, the contact resistance increased at 100 or more sliding cycles, irrespective of the alloy composition. The extent of increase in contact resistance became small with an increase in the Ag content in the deposit. This is due to the difficulty in Ag oxidation and a decrease in the buildup of abraded Sn powder compared with reflow Sn plating. The friction coefficient of deposited Sn-Ag alloys decreased with an increase in the Ag content in the deposit. In particular, at Ag content 45 mass%, the friction coefficient was small below 100 sliding cycles, indicating that it works as an excellent lubricant. The increase in surface hardness effectively decreases the friction coefficient. 19) The friction coefficient of deposited Sn-Ag alloys decreased with increasing Ag content in the deposit due to increase in the amount of intermetallic compound of Ag 3 Sn with high hardness. The relationship between the contact resistance and friction coefficient of deposits will be investigated in the future. As mentioned above, the connection reliability of deposited Sn-Ag alloy was better than that of reflow Sn plating; in particular, at an Ag content of 45 mass%, the contact resistance was less likely to increase.
The equilibrium phase diagram of the Cu-Sn binary system 9) is similar to that of Sn-Ag, and there exists stable phases of the intermetallic compounds Cu 3 Sn and Cu 6 Sn 5 . In Sn deposition on Cu, intermetallic compounds of Cu-Sn were formed by heating. The abrasion and heat resistance properties of deposited Sn-Ag alloy were better than those of reflow Sn plating. This is attributed to the greater resistance to oxidation of intermetallic compounds of Ag-Sn than Cu-Sn.
Conclusion
Electrodeposition behavior of Sn-Ag alloys was investigated in both sulfate and pyrophosphate-iodide solutions, and the connecting reliability of Sn-Ag alloys deposited on Cu connector was evaluated. In both solutions, Ag behaved as a more noble metal than Sn, showing the typical feature of regular type codeposition. The difference in deposition potential between Ag and Sn was 0.4 V in the pyrophosphate-iodide solution, while it was 0.2 V in a sulfate bath containing thiourea as complexing agent for Ag þ ions. The deposits obtained from a pyrophosphate-iodide solution consisted of blocks of a few micron in size, while those from a sulfate solution showed grains smaller than 1 mm. The deposits containing Ag less than 45 mass% were composed of Ag 3 Sn metallic compound and Sn in accordance with the equilibrium phase diagram of the binary Ag-Sn system. The contact resistance of deposited Sn-Ag alloys after heating at 433 K for 120 h was slightly smaller at Ag contents less than 45 mass% than that of reflow Sn plating. The connection reliability of connector after abrasion was better in deposited films of Sn-Ag alloys than in reflow Sn plating.
